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ABSTRACT
Prenatal alcohol exposure (PAE), the leading cause of childhood developmental disability,
has long-lasting effects extending throughout the lifespan. The teratogenic effects of PAE,
not always physically discernable, may corrupt brain structure resulting in neural
dysfunction. These aberrant effects often result in executive functioning deficits, associated
with social and academic difficulties, which hinder typical development. As maternal alcohol
use during pregnancy is heavily stigmatized, children without physical dysmorphology often
go unreported and untreated; resulting in increased deficiencies compared to those more
severely affected who receive early life interventions. This phenomenon requires the
discovery of neurophysiological makers of PAE in order to facilitate early identification and
in turn early life interventions. Structural, functional, and behavioral deficits in individuals
with PAE are well known. However, little research has been conducted assessing how these
deficits in structure and function are associated together and with behavior. In this
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dissertation, we intend to show how white matter integrity as assessed by fractional
anisotropy is associated with neural functioning, assessed via magnetoencephalography, and
how this association relates to behavior. It is well documented that children prenatally
exposed to alcohol have difficulties inhibiting behavior and sustaining attention. Thus, the
Sustained Attention to Response Task, a Go/No-go paradigm, is especially well suited to
assess the behavioral and neural functioning characteristics of PAE children. This
dissertation shows that children 8-12 years old with PAE have decreased associations
between brain structure and functions, and that these deficits are associated with poorer
performance on neuropsychological functioning.
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Chapter 1: Introduction
The neurocognitive deficiencies caused by prenatal alcohol exposure can have
enduring negative effects in domains essential to overall development. Despite our efforts to
educate the public on the effects of prenatal alcohol exposure, maternal alcohol use during
pregnancy remains the largest known cause of developmental disability in children
(Wozniak, 2005) with an estimated global prevalence of 9.8% (Tsang, 2017). This prenatal
exposure to alcohol can present as Fetal Alcohol Spectrum Disorder (FASD), which
produces unique minutiae of clinical and social implications and difficulties. As children
with FASD share similar behavioral profiles with other disorders such as Attention Deficit
Hyperactivity Disorder (ADHD) and Oppositional Defiant Disorder (ODD) (Niccols, 2007),
while simultaneously being underreported throughout society, identifying reliable
neurophysiological markers is paramount to understanding this widespread disorder.
FASD Rates and Impact
Prenatal alcohol exposure (PAE) can have wide ranging physical and cognitive
effects, including deficits in visuospatial functioning, verbal and nonverbal learning,
attention, and executive functioning (Riley & McGee, 2005). Fetal Alcohol Syndrome (FAS)
includes morphological anomalies coupled with functional deficits (CDC, 2002), while
FASD does not result in physically discernable cranio-facial differences compared to
typically developing individuals (Sampson et al., 1997). Importantly, it is estimated that up to
90% of alcohol exposed individuals do not express any physically discernable alterations,
greatly impeding diagnosis (Bertrand, Floyd, & Weber, 20065; May and Gossage, 2001).
While estimates of worldwide prevalence rates vary greatly by country with FASD in up to
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113.22 per 1,000 people in South Africa (Roozen et al., 2016), current rates in the U.S. are
generally discussed at 6-9 per 1000 for FAS and between 2-5% for FASD (May et al., 2009;
May et al., 2014). Studies of alcohol exposure in animals have indicated a single day of
exposure to alcohol can have significant effects on development (Goodlett et al., 1990), and
binge drinking may be worse for the developing fetus than continuous, chronic exposure
(Maier & West, 2001). In 2002, the CDC released estimates indicating the lifetime cost for 1
individual with FAS is $2 million, with the cost to the U.S. for FAS alone (not including
FASD) at $4 billion annually. As children with FASD often go undiagnosed or
misdiagnosed, they are deprived of appropriate early interventions; thereby, faring worse
than those with the more severe FAS (Streissguth et al., 2001). This disparity is exacerbated
in rural areas where skilled professionals and adequate mental health services are deficient
(Koren et al., 2014). Given our knowledge that alcohol-exposed children perform better
academically and cognitively when early identification and interventions are applied
(Kalberg & Buckley, 2007; Paley & O’Connor, 2009), identifying neurophysiological
markers in this age group is an important step in aiding early identification.
FASD Co-morbid Disorders
Compounding the difficulty of diagnosing FASD is the comorbidity of other
disorders more readily identified. For example, O’Malley & Nanson, 2002, showed that
approximately 70% of children with FASD also have a clinically diagnosed attention
disorder, with ADHD being 3 to 9 times more likely in children with FASD (49%-94% of
children with FASD have ADHD) when compared to typically developing controls (TDC:
5% of general population has ADHD) (Fryer et al., 2007; Polanczyk, de Lima, Horta,
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Biederman, & Rohde, 2007; Rasmussen et al., 2010). As children with FASD mature, other
common comorbid disorders emerge, including Oppositional Defiant Disorder (ODD) and
Conduct Disorder (CD) (Niccols A., 2007; O’malley and Nanson, 2002; Oesterheld et al.,
1998; Steinhaussen, Wilms, & Spohr, 1993). If accurate information on maternal alcohol
consumption is not available, these co-morbid disorders have the potential to camouflage the
underlying cause of problematic behaviors, thus resulting in inadequate interventions.
FASD Common Behaviors
Many studies have focused on the task-related behavioral characterization of FASD.
Specifically, Green et al., 2009 assessed pro-saccade and anti-saccade reaction times (SRT)
and accuracy in 92 TDC and 89 children aged 8-15 years with FAS, partial FAS (pFAS), and
alcohol related neurodevelopmental disorder (ARND), collectively FASD. They showed
children with FASD had increased SRT and performed significantly more errors in both the
pro- and anti- saccade tasks. Although all three subgroups performed worse than TDC, in the
anti-saccade task, ARND showed faster SRT and higher accuracy when compared to FAS
and pFAS groups, indicating a potential spectrum of cognitive deficiencies based on severity
of reaction to prenatal alcohol exposure. The pro-saccade task did not reveal any differences
between the diagnostic subgroups.
These oculomotor deficits are associated with deficits in inhibition and attention.
Paolozza et al. (2014) showed children with FASD performed worse than controls on
NEPSY-II measures of attention and inhibition. Additionally, the FASD group had
significantly more errors on an anti-saccade task and a memory-guided saccade task. The
FASD group’s score on inhibition correlated with the direction errors in the anti-saccade
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task, a relationship that was lacking in the control group. The authors postulate common
brain regions/structures are important for mechanisms regulating inhibitory control in both
the NEPSY-II Inhibition Subscale and eye movement tasks.
In one of the few longitudinal FASD studies, Streissguth et al. (1994) evaluated 462
children at ages 4, 7, 11, and 14. Through detailed drinking history records, the authors
determined PAE was related, in a dose dependent fashion, to deficiencies in attention and
memory. Specifically, fluctuating attention states, problems in response inhibition, and
spatial learning deficiencies showed the strongest associations with PAE (Sreissguth et al.,
1994). Given what we know about the effects of environmental enrichment reversing
learning deficits and promoting cell survival in PAE rats (Hamilton et al., 2014), it is
interesting that Streissguth found that SES, nutrition, other drug exposures, and
environmental trauma did not statistically account for any of their results. One would expect
these factors to be additive in the deleterious effects of PAE. In fact, Hellemans et al. (2010)
claim that PAE can be viewed as an early life adverse event. The authors identify PAE as a
contributor to the development of HPA dysregulation throughout life, lending to the increase
in experiences of depression and anxiety in FASD children and adults. These results suggest
that fetal programming by PAE alters HPA functioning throughout the lifespan, and could be
involved in the development of mood disorders, including depression and anxiety, in people
with FASD.
The literature highlights the task-dependent performance deficits and deficient
performance on neuropsychological evaluations, as the WISC-IV Full Scale IQ, WISC verbal
comprehension (Raldiris, 2004), and parent ratings on the Sluggish Cognitive Tempo Scale
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(Graham, 2013), in FASD compared to HC. However, there is little consideration given to
how brain structure and function associate to affect these behavioral outcomes.
Brain Morphological Characterization of FASD
The most frequently reported findings in brain morphology studies in FASD include
decreased cranial vault and the subsequent whole brain volumetric reductions, specifically in
the cerebellum, basal ganglia, caudate, hippocampus, and corpus callosum (Archibald et al.,
2001; Johnson et al., 1996; Lebel et al., 2008; Li et al., 2008; Mattson, et al., 1992; Mattson
et al., 1994; Mattson et al., 1996; Norman et al., 2009; Riikonen et al., 1999; Riley & McGee,
2005; Robin et al., 1994; Swayze et al., 1997; Willoughby et al., 2008). Volume reductions,
uncorrected for brain size, in frontal, temporal, parietal, and to a lesser degree, occipital lobes
have been documented in children with FASD compared to TDC (Archibald et al., 2001;
Sowell et al., 2002). When controlling for overall reductions in brain volume, the parietal
lobe volume is diminished, suggesting the parietal lobes are particularly sensitive to alcohol
exposure (Archibald et al., 2001; Norman et al., 2009; Riley and McGee, 2005; Sowell et al.,
2001; Sowell et al., 2002). Additionally, gray matter volumes are increased and white matter
volumes are reduced, specifically in the perisylvian cortices of the temporal and parietal
lobes (Archibald et al., 2001; Li et al., 2008; Sowell et al., 2001), corresponding to the
language deficits seen in FASD (Kodituwakku, et al., 2001). Sowell et al. (2001) found
significant reductions in brain growth in the ventral frontal lobes, predominantly in the left
hemisphere, which potentially influences the response inhibition, behavioral control, and
executive functioning deficits seen in FASD (Mattson et al., 1999; Olsen, Morse, & Huffine,
1998). This constrained brain growth suggests the teratogenic effects of prenatal alcohol
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exposure extend well beyond en utero (Riley & McGee, 2005). These areas, impacted by
prenatal alcohol exposure, correspond with the neurocognitive deficiencies seen in FASD.
DTI in FASD
Diffusion Tensor Imaging (DTI), often reported in measures of fractional anisotropy
(FA) and mean diffusivity (MD), is said to be an index of white matter integrity, as it
measures the diffusion characteristics of water in the brain. Not only have studies shown
decreased volume and displacement of the corpus callosum (CC) in FASD, many have
assessed the microstructural characteristics of the CC as well (Fryer et al., 2009; Lebel et al.,
2008; Li et al., 2009; Ma et al., 2005; Sowell et al., 2008; Wozniak et al., 2006). In FASD,
consistent posterior CC white mater aberrations have been reported with lower FA values (Li
et al., 2009) and higher MD (Wozniak et al., 2006) in the isthmus and lower FA also in the
splenium of the CC (Lebel et al., 2008; Ma et al., 2005; Sowell et al., 2008), which correlated
with deficiencies in visual-motor integration performance (Sowell et al., 2008). The genu, the
most anterior region of the CC, had increased MD (Lebel et al., 2008) and decreased FA (Ma
et al., 2005), while the body had decreased FA (Fryer et al., 2009). While CC white matter
integrity appears to be greatly affected by prenatal alcohol exposure, other structures have
exhibited DTI abnormalities, too.
Both the anterior cingulate, involved in emotional processing (Hadland et al., 2003),
learning (Delgado et al., 2011), and memory (Kozlovskiy et al., 2013) and the right temporal
lobe, involved in inhibition, episodic memory, and emotional processing (Chan et al., 2009)
were revealed to have lower FA values in FASD children (Sowell et al., 2008a). Aligning
with studies showing deficits in language and visuospatial abilities (McGee et al., 2009;
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Sowell et al., 2008b), Lebel and colleagues (2008) reported lower FA and higher MD values
in tracts with temporal connections involved in language and visual processing. Similarly,
another study found lower FA and higher MD in white matter tracts having superior frontal
connections (Fryer et al., 2009), potentially driving the executive functioning deficits seen in
FASD (Kodituwakku et al, 2001; Mattson et al., 1999; Vaurio et al., 2008). Fryer et al.
(2009) also found decreased white-matter integrity in tracts connecting the occipital lobe
with inferior frontal and parietal lobes (Fryer et al., 2009), areas known to be involved in
visual attention and processing (Corbetta & Shulman, 1998). The documented deficits of
FASD compared to TDC in domains of spatial attention, working memory, and visuospatial
processing (Mattson & Riley, 1998) may arise from decreased white matter integrity in these
regions and tracts.
Though not as many studies have assessed differences in gray matter FA and MD in
FASD vs. TDC, Lebel et al., (2008) found decreased FA and increased MD in the right
putamen, involved in sensorimotor coordination and proprioception (Goble et al., 2012) and
thalamus, involved in controlling how sensory and motor signals are relayed between the
appropriate regions of the cortex (Sherman and Guillery, 2001). Generally accepted is the
finding that FA increases and gray matter volume decreases with age (Pfefferbaum et al.,
2010). The decreased FA in these regions may signal an interruption in the development of
gray matter, aligning with interpretations of increased gray matter volume reported in
children with FASD (Sowell et al., 2001b; Sowell et al., 2002). In the globus pallidus, part of
the key axis of basal ganglia function (Boyes et al., 2007), connecting the thalamic and
cortical networks, hippocampus, and amygdala to the cortical and brainstem motor centers
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(Goldberg & Bergman, 2011), FA values were increased in FASD compared to TDC (Lebel
et al., 2008). The globus pallidus has been implicated in normal motor movement (DeLong,
1971) and in motor disorders such as Parkinson’s disease (Alexander et al., 1986; DeLong,
1990; Filion and Tremblay, 1991; Filion, Tremblay, & Bedard, 1991), and may be involved
in the fine motor deficits (Adnams et al., 2001; Connor et al., 2006), and bimanual motor
coordination difficulties seen in FASD (Roebuck-Spencer et al., 2004; Kraft et al., 2007).
Compared to HC, FASD have decreased FA in tracts connecting the occipital lobe
with inferior frontal and parietal lobes (Fryer et al., 2009), areas known to be involved in
visual attention and processing (Corbetta & Shulman, 1998). It should be noted that FA
differences are well documented in the corpus callossum (Li, 2009 & Wozniak, 2006) and
multiple other structures (Sowell, 2008; McGee, 2009; Fryer, 2009; Lebel, 2008). In 2005,
Wozniak and group published a study showing these FA deficits in FASD were significantly
associated with the parent report of poor planning and organizing, poor attention shifting, and
poor self-monitoring, as assessed by the Behavioral Rating Inventory of Executive Function
(BRIEF). White matter abnormality, as measured by FA, was also associated with poor
performance on working memory tasks (WISC-IV or WAIS-III).
These commonly found aberrations in the microstructural properties in white matter
tracts, as measured by DTI, are especially sensitive to the teratogenic effects of prenatal
alcohol exposure on cognition. Specifically, measures of executive functioning associate
more closely with whole-brain FA, a measure of white matter integrity, than other measures
of DTI (mean diffusivity and white-matter hyperintensity volume) (Schiavone et al., 2009).
Consequently, FA measures can ideally contribute to the association measures between
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structure and function, and how these are associated with task-based behavior,
neuropsychological performance, and parent/guardian ratings on measures of executive
function.
fMRI in FASD
A number of studies have utilized functional magnetic resonance imaging in FASD
showing differences in BOLD activity and functional connectivity in resting-state, spatial
working memory (SWM), and Go/No-go paradigms (Diwadkar et al., 2013; Malisza et al.,
2012; Norman et al., 2013; O;Brien et al., 2013; Roussotte et al., 2011; Santhanam et al.,
2011; Wozniak et al., 2011; Wozniak et al., 2013). In a resting-state, whole-brain assessment
between FAS, FASD, and HC, reductions in functional connectivity were found in FASD,
with a deactivation of the default mode network (DMN) in the FAS group only (Santhanam
et al., 2011). In two different studies, Wozniak and colleagues found decreased interhemispheric connectivity during resting state (2011) and abnormal functional connectivity
during resting state with increased characteristic path length and decreased network global
efficiency (2013). These studies illuminate functional deficiencies in people prenatally
exposed to alcohol in absence of specific tasks, behavior, or performance. This suggests
deficits in function are not limited to one specific domain, but a general overall reduction in
functioning can be expected.
However, utilizing fMRI, multiple studies have found BOLD differences in FASD in
specific brain regions by looking at task-dependent responses, highlighting the relationships
between prenatal alcohol exposure, brain activity, and behavior. Unfortunately, the fMRI
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literature is widely variable in the reported results. The two primary tasks used to
differentiate FASD from HC in the literature are SWM paradigms and Go/No-go tasks.
In a study assessing SWM, increased bilateral middle frontal and left superior frontal
BOLD activity was found in FASD during SWM (Norman et al., 2013). In comparisons of
FAS/pFAS, FASD, and TDC, FASD children exhibited increased left dorso-prefrontal
activity and a decrease of BOLD in Broca’s area during a working memory task compared to
FAS/pFAS and TDC (Diwadkar et al., 2013). In line with these findings, Malisza et al.
(2012) also found an increase in the left precuneus, but also increased in right superior
parietal during SWM. This study also reported differences in temporal areas during SWM
consisting of decreased activity in the left middle temporal, sub-gyral, parahippocampal, and
bilateral superior temporal regions (Malisza et al., 2012). As is evident, these results offer
little consistency in the regions reported.
Further, occipital regions have also been implicated in FASD fMRI studies, although
the results are again contradictory. Both increases (Norman et al., 2013) and decreases
(Malisza et al., 2012) in the left lingual gyrus, thought to be involved in visual processing
specifically with letters (Bogousslavsky et al., 2007), were reported in two very different
SWM tasks, potentially driving this discrepancy. However, both studies have found an
increase of BOLD in the cuneus, involved in visual processing, during their respective SWM
tasks (Malisza et al., 2012; Norman et al., 2013). Malisza et al. (2012) found a decrease in
activity in the culmen, part of the anterior vermis, of the cerebellum when comparing FASD
to controls. In FASD compared to controls, basal ganglia BOLD response is increased in the
left lentiform nucleus during SWM (Norman et al., 2013), right lateral globus pallidus during
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SWM (Malisza et al., 2012), and left striatum activity during working memory (Diwadkar et
al., 2013). While activity was found to increase, functional connectivity decreased between
the caudate and lateral prefrontal subregions and between caudate and right medial temporal
region during SWM (Roussoutte et al., 2012). Conversely, functional connectivity increased
between the putamen, superior, and inferior frontal regions during SWM (Roussoutte et al.,
2012). Finally, Malisza et al. (2012) found a decrease in BOLD in the right insula, a decrease
in the left thalamus, decreases in right amygdala activity, and decreased brainstem activity in
FASD compared to TDC during a SWM task. It appears BOLD activity during SWM tasks
offer little clarification to potential regions of susceptibility to the affects of prenatal alcohol
exposure.
With more consistent results, but not without controversy are fMRI studies utilizing
Go/No-go tasks. In one Go/No-go paradigm, FASD showed increased BOLD in the left
precuneus, cingulate gyrus, ACC, and right medial frontal gyrus, but a decrease in precentral
activity on trials requiring inhibition (O’Brien et al., 2013). Interestingly, children with
FASD had lower Go hit rates (higher omission errors), but similar performance on No-go
trials (equal commission errors). The differences in BOLD on No-go trials without matching
behavioral deficits indicates that neural activation involved in failed inhibition on complex
Go/No-go tasks is evident even in simpler Go/No-go tasks where behavioral performance is
not affected (O’Brien et al., 2013). Contradicting the ACC findings in this study, Kodali
(2017) assessed differences in BOLD in children 8-12 years with FASD and HC, and found
that HC had greater BOLD activation in inferior frontal and ACC network, both of which are
implicated in response inhibition. However, they found FASD had greater BOLD in dlPFC,
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suggesting a potential compensatory mechanism for dysfunction in regions typically
associated with inhibitory processes. In this task, there were no behavioral performance
differences between the groups, yet as in the O’Brien study, neural activity distinguished the
groups. It is possible the contradiction of ACC activity between these two studies stems from
differing task designs. Regardless, the ACC is involved in tasks involving inhibition. These
studies indicate that as a Go/No-go task, the Sustained Attention to Response Task should be
a useful tool in distinguishing FASD from HC.
EEG in FASD
Electroencephalography (EEG) has demonstrated usefulness in identifying
differential effects of PAE. PAE is associated with aberrant neural functioning and atypical
development of brain regions (Archibaled et al., 2001; Mattson et al., 2001; O’Hare et al.,
2005). Multiple studies have assessed sleep in infants and children, with results consistently
revealing EEG hypersynchrony and increased EEG power in FASD compared to TDC
(Chernick et al.,1983; Havlicek et al., 1977; Ioffe et al., 1984; Ioffe and Chernick, 1988).
Specifically, compared to non-exposed controls, PAE infants possessed EEG
hypersynchrony in all stages of sleep (Havlicek et al., 1977). Further, EEG power averaged
150-200% greater in FASD compared to controls, with the strongest increases in REM
(200% increase) and indeterminate sleep (196%) (Havlicek et al., 1977). These findings were
subsequently replicated, and showed these effects were unrelated to interactions of smoking
and alcohol consumption in mothers (Chernick et al., 1983), preterm birth, or postnatal acute
withdrawal processes (Ioffe et al., 1984). Conversely, these results were substance and
trimester specific, in that first and second trimester alcohol exposure was associated with
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alteration of EEG patterns and an increase in arousals during sleep (Scher et al., 1988). Ioffe
and Chernick (1990) found that abnormal neonatal EEG power during sleep in PAE infants
was associated with motor and mental development delays. In a recent study, EEG revealed
slower P2 latencies during a Go/No-go task, and a decreased FN 400 amplitude on a
continuous recognition memory task (Burden et al., 2011). These findings show aberrant
neural functioning from birth.
EEG studies of sensory processes show abnormal auditory, visual, and somatosensory
evoked potentials (Church and Gerkin, 1988; Olegard et al., 1979; Pettigrew and Hutchinson,
1984; Rossig et al., 1994; Scher et al., 1998). Rossig and colleagues (1994) used auditory
evoked potentials (AEP) to assess auditory abilities in FAS, ages 2 months to 17 years. They
found abnormal AEP in 79% and abnormal auditory brainstem response (ABR) in 69% of
exposed children (Rossig et al., 1994). Other studies have supported these findings in ABRs
(Pettigrew and Hutchinson, 1984) and AEPs (Church and Gerkin, 1988). Visual evoked
potentials (VEPs) were assessed in 74 infants at 24-36 hours after birth, 57 infants at 1
month, 33 infants at 4 months, 58 infants at 8 months, and 70 infants at 18 months of age
(Scher et al., 1998). Infants prenatally exposed to alcohol during the first trimester of
pregnancy had significant prolongation of N100 and P100 wave latencies at 1 month, and
then decreased latencies at 18 months. Prolongation of N200 latency and an increase in
N100-P100 amplitude at 4 months of age was associated with alcohol exposure during the
second and third trimester (Scher et al., 1988). Further, Olegard et al. (1979) assessed VEPs
and somatosensory EPs in 3 to 14 day-old PAE infants. They found abnormal somatosensory
EPs (SEPs) in 70% of their sample, large bilateral differences in SEPs, and abnormal VEPs
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in 35% of their sample (Oldgard et al., 1979). Several studies assessing sensory responses in
PAE infants and children have found impairments in hearing, vision, and somatosensory
processes, suggestive of atypical brain development evident from birth.
Other studies have assessed EEG during attention and cognition in children with PAE
(Buffington et al., 1981; Kaneko et al., 1996; Spohr and Steinhausen, 1987). A study using
an oddball auditory paradigm to elicit a passive response in FAS, Down syndrome, and TDC
found significantly longer P300 latencies in the parietal region in FAS compared to Down
syndrome and TDC. EEG results did not differentiate FAS from TDC in delta, theta or beta
band. However, alpha (9-12Hz) mean power in the left fronto-central and left parietooccipital areas was lower in FAS compared to TDC (Kaneko et al., 1996). Contingent
negative variation (CNV) is a steady, long lasting negative wave present during anticipation
of an expected stimulus that is diminished in some learning disorders (Buffington et al.,
1981). Buffington assessed this CNV in FAS and TDC children, and found a non-significant
decrease in this CNV, indicating a lack of anticipation or learning in this assessment. In one
of the earlier longitudinal studies of PAE, 72 exposed children were found to, over time, have
generally improved performance on pediatric, neurological and psychiatric assessment, and
EEG measures, although they showed continued hyperactivity and distractibility at school,
and a general low level of educational achievement (Spohr & Steinhausen, 1987). These data
suggest EEG is a useful tool for identifying neural activity deficits in children with FASD.
MEG in FASD
Magnetoencephalography (MEG) is a powerful neuroimaging tool with excellent
temporal and spatial resolution. As there is no smearing of signal in MEG as is known in
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EEG, MEG facilitates accurate source localization of neural activity. In an adolescent study
assessing performance on a prosaccade task, significant gamma (30-50Hz) power differences
were found in four regions over the right frontal (2 clusters), right parietal, and left temporaloccipital areas in FASD compared to controls (Stephen et al., 2013). Interestingly, these
same regions were found to be significantly different in adolescents with FASD compared to
controls in a resting state condition MEG study (Lewis et al., 2016). In another paradigm
assessing visual processing, peak latency of the M100 responses in the occipital source timecourse was delayed in FASD patients compared to controls during a prosaccade task
(Coffman et al., 2013). Additionally, multiple studies have indicated auditory deficits in
alcohol exposed rats and humans (Church, 1987; Church & Gerkin, 1988; Church et al.,
2012, Stephen et al., 2012). For instance, Stephen et al. (2012) showed significant delays in
M100 and M200 latencies in FASD compared to TDC children aged 3 to 6 when including
age as a covariate in bilateral superior frontal gyrus during auditory processing. These
findings align with multiple previous studies showing regionally distinct deficits in FASD
compared to TDC in multiple sensory modalities.
These studies assessing markers of dysfunction in people with FASD of all age
groups indicate that the functional deficits due to PAE are not confined to one specific age,
behavior, brain region, or task, but rather span a milieu of assessable features. These features
are detectable by numerous modalities including neuropsychological evaluations,
parent/guardian assessments, task-dependent behavioral measures, MRI, fMRI, EEG, and
MEG. The question remains how brain structure, brain function, and overall cognitive
functioning are associated with each other. In the next section, we will delve further into the
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applicable Go/No-go literature within the context of FASD, while simultaneously
pinpointing specific ROIs for our analyses.
Go/No-go and Associated Structures
The literature implicates two primary regions crucial to cognitive control during
Go/No-go tasks: the ventrolateral prefrontal cortex (VLPFC), including Broadmann’s Area
44 (BA44), and the Anterior Cingulate Cortex (ACC). Specifically, BA44 is integral in
employing top-down controlled inhibition (Aron et al., 2007; Aron & Poldrack, 2006). This
inhibition involves both the halting of a response that is in preparation and the choosing
between potential actions (Aron and Poldrack, 2006; Rae et al., 2014). Rae et al., 2014 found
bilateral activation of the lateral PFC, including BA44, associated with stopping actions
during a Go/No-go task, while others have found activation in these areas specifically to the
detection of a meaningful and behaviorally significant target, such as the stimuli signaling
Go/No-go behaviors (Hampshilre et al., 2010; Cai & Leung, 2011). This indicates that BA44
is involved in both the detection of relevant stimuli, but also in the action outcome associated
with the stimuli. Further, in a study looking at hand movements in monkeys, Rizzolatti,
Fogassi, and Gallese, 2002 found that the VLPFC is involved in action understanding,
specifically finding that BA44 is involved in hand actions. This is important as the Go action
in our task, SART, involves a right button press, that should produce activations in the left
VLPFC. This action selection is governed by Broca’s Area (consisting of BA44 and BA45)
implementing a specialized executive control system (Koechlin & Jubault, 2006).
Many studies assessing brain activity during a Go/ No-go task have found right
lateralization of activation in BA44 (Aron et al., 2014; Levy & Wagner, 2011; Mazzonne,
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2014), while morphological studies have found right hemisphere BA44 cortical thickness
predicts inhibitory performance in children 4-13 years of age (Curley et al, 2018). Aron et al.,
2014 suggest this right hemisphere activation in BA44 reflects differing processes including
amplified working memory load, attentional monitoring for the No-go signal, release of a
brake to Go, or application of a break to No-go. This is supported by studies that found
subjects respond more slowly on Go trials where stopping is expected, as would occur in
SART_Random, compared to Go trials in which stopping is not expected, as would occur in
SART_Fix (Jahfari et al., 2010; Verbruggen & Logan, 2009). This slowing offers support
that BA44 is not just involved in stopping a motor response, but in implementing the
assessment of the stimuli through active braking.
The ACC is involved in the processes required to inhibit responses, as occurs in
Go/No-go tasks (Braver et al., 2001, deZubicaray et al, 2000; Durston et al., 2002). Part of
this activation is produced through the detection of meaningful stimuli (No-go), otherwise
known as target detection (Posner & Peterson, 1990), and also from aspects of attention
(Mesulam, 1981; Mirsky, 1987), especially visual attention (Mesulam, 1990; Nobre et al.,
1997). Additionally, the ACC is involved in outcome evaluation (i.e. error detection) and
decision-making (i.e. to Go/No-go) (Botvinick, 2007). Specifically, the ACC functions in
part to identify conflicts in information processing, a process known as conflict monitoring
(Botvinick, Cohen & Carter, 2005; Botvinick, 2007). Neuroimaging studies by Botvinick et
al., 2001 revealed ACC activation in paradigms requiring the inhibition of proponent
responses, action selection, and in error detection, all frameworks containing response
conflict. ACC activity with error production is also found in EEG (Falkenstein et al., 2000),
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functional neuroimaging (Carter et al., 1998), and in single –unit recording (Amiez, Joseph,
and Procyk, 2005). In part, the ACC drives reactive alterations in control by evaluating
action outcomes (Botvinick, 2007). The ACC, while involved in many processes, appears
vital for response inhibition, action selection, attentional control and outcome evaluations, all
processes required in Go/No-go paradigms.
Multiple Go/No-go studies have highlighted the role of the ACC. Albert et al., 2012
reported the level of activity of ACC was associated with both motor inhibition and
behavioral performance (i.e. reaction times and commission errors). Interestingly, in a study
assessing the impact of the frequency of No-go stimuli on ACC functioning, one group found
the ACC paramount in conflict monitoring when low-frequency (17% No-go stimuli)
responses are implemented (Braver et al., 2001). This is important for our study, as the Nogo stimuli occurs at a frequency of 11% in our design. Further, Braver et al., 2001 found the
ACC to have increased activity during response inhibition and on error commissions. In sum,
the ACC monitors response conflict by playing a key role in cognitive control via action
selection between the execution and inhibition of a single response (Nieuwenhuis et al.,
2003).
Numerous studies have assessed brain activity during the SART. In a SART_F ERP
study in HC, Dockree (2005) found increased fronto-central activation on No-Go trials,
suggesting a central inhibitory mechanism intervenes to prevent the preparation and
execution of a dominant motor response. Importantly, Zordan (2008) looked at SART in a
random order (SART_R), comparing their results to Dockree’s (2005) SART_F data. They
found that increased activity in rPFC was associated with fixed and not random orders.
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Additionally, in SART_R only, correct inhibitions increased activity in right, ventral frontal
cortex and inferior parietal lobe. Interestingly, Robertson et al., 1997 found that the detriment
in performance during SART was related more to a decrease in sustained attention rather
than failed inhibition. As SART_F and SART_R assess inhibition and sustained attention,
this task is especially well suited to assess differences between FASD and HC.
Purpose
In this study, we are collecting MEG, MRI, DTI, and neuropsychological (NP) data,
which have all been shown, as individual constructs, to differentiate individuals with FASD
from healthy controls (HC). MEG has proven to be a useful tool in distinguishing FASD
from HC in auditory, visual, and somatosensory paradigms (Coffman, 2013; Stephen, 2013;
Bolanos, 2017), showing consistent decreases in amplitude and latency delays in neural
activity in widespread regions. These deficits in function are likely associated to known
deficits in microstructural architecture as measured by Diffusion Tensor Imaging (DTI) (i.e.
measures of fractional anisotropy (FA).
As children with FASD have widespread executive functioning deficits
(Kodituwakku, 2001) including attention (Coles, 2002) and inhibition (Mattson, 2001), we
utilized a Go/No-go Sustained Attention to Response Task (SART), fixed order numeral
sequence 1-9 (SART_F) and random order numerals 1-9 (SART_R), to identify functional
(MEG) and task-specific behavioral/performance differences between children 8-12 years
with and without FASD. Briefly, participants are instructed to push a button at every numeral
except for 3, where they are to withhold a button press. The literature suggests that SART
recruits primarily from 2 networks: the attention network including the dorsal ACC/medial
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superior frontal cortex, prefrontal cortex, posterior parietal cortex, and temporo-parietal
junction; and the inhibition network, including fronto-striatal regions, as well as the caudate
nucleus and globus pallidus (Adelman, 1987).
In this study we sought to identify the brain’s functional and structural differences
between FASD and HC children ages 8-12, and how this structure and function are related.
To assess neural activity via MEG, we administered two versions of the Sustained Attention
to Response Task, fixed and random orders. We analyzed both latency and power to assess
these differences. We chose to limit our MEG analysis to the regions highlighted above,
BA44 and ACC, as these are both critical for inhibition, attention, action selection, error
detection, and conflict monitoring. To assess brain structure, we limited our DTI measures to
fractional anisotropy, as this measure is a strong indicator of structural integrity in white
matter tracts while also being more strongly related to measures of executive functioning
than are other DTI measures (i.e. mean diffusivity) (Schiavone et al., 2009). To assess how
this structure and function are related we employed joint independent component analysis of
whole brain MEG and FA. We also assessed differences in behavioral performance during
the SART, including reaction time, omission errors, commission errors, hit rate, and error
detection. In order to assess neuropsychological functioning we utilized a battery of
evaluations to both the participants and their parents/guardians. We finally analyzed the
associations between the structure/function relationship, behavioral measures of SART
performance, neuropsychological functioning, and parent/guardian ratings of child behavior.
Hypotheses
•

Hypothesis 1. We hypothesize that HC will have increased power and decreased
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latency compared to FASD on both the SART_F and SART_R.
•

Hypothesis 2. We hypothesize HC will have heightened FA measures compared to
FASD.

•

Hypothesis 3. Strength of co-variation between MEG during SART and FA will
differentiate FASD from HC, with FASD having deficient associations between MEG
and FA.

•

Hypothesis 4. We hypothesize that HC will have decreased reaction time, omission
errors, commission errors, and increased hit rates on both versions of the SART task.

•

Hypothesis 5. We hypothesize HC will out-perform FASD on the
neuropsychological evaluations. We also hypothesize the guardians of FASD
participants will rate their children as lower functioning than the parents of the HC.

•

Hypothesis 6. We hypothesize the jICA measures will correlate with overall
performance on the neuropsychological evaluations and with SART behavioral
performance, indicating the association between structure and function will predict
neuropsychological functioning and performance.
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Chapter 2: Materials and Methods
Participants
The study was approved by the University of New Mexico Health Sciences Center
Human Research Review Committee and complies with the Declaration of Helsinki. We
recruited children 8-12 years old from within the community. Healthy controls had IQ scores
within the normal range, and do not have known prenatal exposure to alcohol or other
substances; nor do they have histories of developmental delays or neurological or
psychological problems. Participants were classified as having FASD using the Institute of
Medicine Criteria (Stratton et al., 1996) at the UNM Center for Development and Disability
FASD clinic. All diagnoses were performed by consensus diagnosis based on evaluation by a
clinical psychologist, a neuropsychologist with direct training in FASD assessment, a
pediatrician, and a dysmorphologist. Maternal alcohol consumption was confirmed either
through direct confirmation by maternal interview, multiple eyewitness reports of maternal
drinking during pregnancy, or legal records confirming alcohol consumption during
pregnancy (e.g. DWI arrest). For this analysis, we assessed n=18 HC and n=25 FASD,
matched on age and sex.
Procedure
The SART is a Go/No-go paradigm, which consists of both a random and fixed
version (Fig. 1). The participants were presented with digits (1-9). The participant was
instructed to press a response button for all digits except 3. During the random condition the
digits were presented in random order, during the fixed condition, the digits were presented
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in ascending order. The fixed condition provides a predictable order and allows participants
to plan for or withhold a motor response. The digits were presented for 150 ms with a 950 ms
interstimulus interval. Each digit was presented with equal probability providing a No-go
frequency of 11%. We collected 945 trials (105 trials/digit - 15 minutes/version).

Figure 1. SART_Fixed Order Task
Data collection occurred on two different days within 2 weeks of each other. On day
one, participants’ brain responses were recorded using simultaneous
magnetoencephalography (MEG) and electroencephalography (EEG not discussed here)
during SART fixed-order (SART_F) and SART random-order (SART_R) tasks. Participants
also completed a prosaccade task and a resting task (not discussed here). On day two,
participants’ brain structure was recorded during an MRI/DTI scan (see details below), while
watching a self-chosen television program without commercials. Neuropsychological
evaluations and parent questionnaires were also administered on day two.
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Neuropsychological Testing
All participants completed a neuropsychological test battery, including: 1) Wechsler
Abbreviated Scale of Intelligence Second Edition: Vocabulary and Matrix Reasoning
subscales. Normed on a 6-90 year old sample, the test yields a reliable and valid measure of
intellectual ability; 2) Grooved Pegboard Test (Lafayette Instrument) was utilized to assess
manual dexterity and visual motor coordination. Since the tests that were administered to
assess cognitive functioning involve manual responses, this test served as a background
measure; 3) Progressive Planning Test is a look-ahead puzzle similar to the Tower of London
Test and contains 12 puzzles of graded difficulty. Participants were required to move 3-5
beads from an initial position to a goal position in accordance with specific rules. This test is
sensitive in detecting cognitive planning deficits in children with FASD (Mattson, 2010;
Kodituwakku, 1995; Aragon, 2008); 4) Delis-Kaplan Trail Making Test comprises 5
conditions: Visual Scanning, Number Sequencing, Letter Sequencing, Number-Letter
Switching, and Motor Speed. Thus, it assesses motor speed, visual scanning, working
memory, and response inhibition. Mattson (2010) provided evidence that children with
FASD are impaired not only in the complex Number-Letter switching, but also in baseline
conditions such as Number and Letter Sequencing.
Parent/Guardian Questionnaires
Additionally, the parents or legal guardians of the participants completed a set of
parent rated questionnaires, including: 1) Behavioral Rating Inventory of Executive Function
(BREIF). The parent-rated version of the BRIEF was used to assess the behavioral aspects of
executive dysfunction; 2) Sluggish Cognitive Tempo Scale (SCTS). The SCTS contains 14

26

items that tap into behaviors associated with slow information processing and lack of
motivation. Investigators found that children with FASD rated higher on this scale than
typically developing children (Graham, 2012); 3) Conners 3-Parent (Conners, 2004). This
widely used questionnaire contains 110 items to assess hyperactivity, inattentiveness,
learning problems, and difficulties in social interactions; and 4) the Barratt Simplified
Measure of Social Status (BSSS) measuring socio economic status (SES).
MEG Data Acquisition
MEG data were collected using the Elekta Neuromag 306 channel biomagnetometer
(Elekta) located in a magnetically shielded room (Vacuumschmelze – Ak3B) at the Mind
Research Network in Albuquerque, New Mexico. Electrocardiogram (ECG) and
electrooculogram (EOG) electrodes were placed (ECG – just below the left and right
clavicle, EOG – one electrode placed just above the left eye-brow and one placed lateral to
the outer canthus of the right eye) to provide signals for artifact rejection of heartbeat and eye
movements, respectively. The MEG head position indicator (HPI) coils were placed around
the head and secured with tape. HPI coil location and head shape information was obtained
using the Polhemus 4-D tracking device. Three fiducial points (left and right preauricular and
nasion) were identified to define the head-centered coordinate system in addition to points
around the scalp to ease co-registration of the MEG data to the MRI structural image. The
MEG data were digitized at 1000 Hz (0.01-300 Hz anti-aliasing filter). Continuous HPI
monitoring was enabled throughout the MEG data collection.
The MEG data were preprocessed to eliminate artifacts. In particular, the head center
for each participant was identified using Neuromag MRILAB software by co-registering the
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MEG HPI data with the participants MRI. This participant-specific head center was used for
the scripted Neuromag Maxfilter processing (Taulu and Kajola, 2005). Temporal signal
space separation (tsss) version was employed to eliminate distant noise sources from the data,
and movement compensation was employed to: 1) Correct for head movements during the
MEG data collection; and 2) Re-align the sensor data to a common head position across
participants. Eye blink artifacts were identified using the EOG channel or anterior temporal
MEG channels and removed from the data using the signal space projection (SSP) method
(Uusitalo and Ilmoniemi, 1997) as implemented by Neuromag Graph and Xfit software.
Using a scripted shell program, MNE software (http://www.martinos.org/mne/) was
employed to reject bad trials, apply the SSPs, and average the data by stimulus condition.
Data epochs with large amplitude artifacts, magnetic field at any sensor exceeding 5pT, were
rejected.
Next, we performed cortical source analysis of the MEG data using the FreeSurfer,
Neuromag, and MNE software packages. Using the FreeSurfer software recon-all function,
we commenced with an automatic cortical reconstruction and subcortical segmentation from
MPRAGE MRIs. Then, we created a bilateral hemisphere surface-based source space using
eight times recursively subdivided octahedron spacing. Next, we automatically created
boundary element model (BEM) meshes, using the MNE watershed algorithm (Segonne et
al., 2004), which produces brain, inner skull, outer skull, and outer skin surface triangulation.
Each surface triangulation was isomorphic with an icosahedron, which was recursively
subdivided, yielding 5120 triangles. We utilized the inner skull file for the single
compartment forward model.
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Further, we calculated a forward solution using a single layer boundary element
model (BEM). The loose variable was set to 0.2, the MNE default for surface-oriented source
space. For depth weighting the default coefficient, we used 0.8. Cortical patch statistics were
used to define normal orientations. Using dynamic statistical parametric mapping (dSPM)
(Dale et la., 2000), the inverse operator previously calculated was applied to each epoch in
the MEG data. Next, a time course for each label and source estimate was extracted using the
Desikan-Killiany-Tourville (DKT-40) atlas 40 labels with the mean flip method, which
averages the source estimates within each label with sign flips, reducing signal cancellation.
Following source analysis, time courses from the regions localized to attention and
inhibition networks (ACC and BA44) were processed further to determine group differences
in peak amplitudes and latencies.
MRI/DTI Data Acquisition
All MRI images were obtained with a Siemens 3T Trio TIM scanner using the
standard 32-channel phased array head coil provided with the system. Sagittal TI-weighted
anatomical images were obtained with a multi-echo 3D MPRAGE sequence (TR/TE/TI =
2530/1.64, 3.5, 5.36, 7.22, 9.08/1200ms, flip angle = 7°, field of view (FOV) = 256 x 256
mm, matrix slice thickness of 2 mm (isotropic 2 mm resolution), NEX = 1, TE = 84 ms, and
TR = 9000 ms. A multiple channel radio frequency coil was used, with GRAPPA (X2), 35
gradient directions, b = 800 s/mm2 and 5 measurements with b = 0.
The DTI data processing was performed using FSL and consisted of the following
steps: 1) DTI quality check. Data were checked for signal drop out due to subject motion or
vibration, significant noise in the phase encoding direction, and excessive motion.
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Participants with signal drop out, noise, or motion were excluded from this analysis. 2)
Calculation of diffusion tensor. The diffusion tensor and FA were calculated using dtifit
(FSL). 3) All DTI data were registered to the MNI atlas to facilitate cross-subject
comparisons. An isotropic 10 mm Gaussian smoothing function was applied to the FA maps
using SPM to help account for natural anatomical variation across participants. This amount
of smoothing was based on the previous DTI literature, which ranges from no smoothing to
16 mm (Jones et al., 2005).
Joint Independent Component Analysis
The MEG and DTI data were combined using the approach outlined in Calhoun et al.
(2006), and jICA will be performed using the Fusion ICA Toolbox
(http://mialab.mrn.org/software/). This data-driven approach links the data across modalities
in a unitless comparison of joint associations. Joint ICA assumes a one-dimensional temporal
component requiring that any time information beyond a single sensor be concatenated endto-end (Liu et al., 2009). Briefly, a single temporal vector represented the MEG data for each
participant (regions/conditions are concatenated to generate a long single trial of MEG timeseries data for each participant), and the three-dimensional FA map voxels were concatenated
into a single spatial vector for each participant. Next, the MEG data vectors were combined
across participants into a participant x time data matrix (XMEG) and the DTI data vectors were
combined across participants into a participant x voxel data matrix (XFA). The MEG and DTI
data were scaled by matching the sums of squares across modalities and then combined into a
single data matrix [XMEG XFA]. A single scaling factor was used for each modality to
maintain the relative amplitude of the MEG and DTI measures across participants. This

30

combined scaled matrix was then used to identify a common mixing matrix by solving the
standard ICA equation x = Ac where x is the original data, c contains the independent
components, and A is the mixing matrix determined by the independent component analysis
constraints. In this case, x was the scaled multimodal data matrix [XMEG XFA] = A[cMEG cFA].
The common mixing matrix (A) was obtained by using the infomax algorithm described by
Bell and Sejnowski (1995). Multiple ICA analyses were performed as a part of this procedure
to confirm the consistency of the ICA analyses. Further details of this approach are described
in Calhoun et al. (2006).
The Fusion ICA Toolbox (Calhoun et al., 2006) estimated the number of components
via quantitative algorithm for each modality individually (FA: n=5 components, MEG: n=40
components) and combined (FA/MEG: n=4 components). Using these component numbers
as a guide, the jICA analysis was performed multiple times to identify the number of
components which provided component stability across similar component numbers and
meaningful divisions of MEG time-series. As suggested by the Fusion Toolbox, assessing
these data in 4 components created the most valid divisions of the data. Components were
analyzed further if there was a significant group difference based on the ICA loading
parameters.
Statistical Analyses
All analyses were corrected for multiple comparisons using the FDR linear step up
procedure (see Maxwell & Delaney, 2004).
We utilized ANCOVAs to evaluate the effect of SES on the group comparisons of
SART task performance, neuropsychological evaluations, and parent/guardian assessments
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by including BSSS as the covariate in these models. If BSSS proved to not be a significant
contributor to the model, a series of independent samples t-Tests was utilized to assess group
differences in these measures.
In order to assess group differences in task-based neural activity, we performed a
series of 3-way ANCOVAs with BSSS as a covariate on SART_F and SART_R versions of
the task. If BSSS proved to not be a significant contributor to the model, analysis was
conducted again without BSSS as covariate. Time course window selection of the MEG data
was facilitated by visually comparing individual subject data to overall average time courses.
This process ensured that each subjects’ data fit within the windows of interest. Visual
inspection revealed three predominant peaks between times 100-200ms, 200-350ms, and
350-550ms. Times are post stimulus onset. As the peak-latency measures are inherently
different between time windows (i.e. 100-200, 200-350, 350-550ms), we assessed group
differences in latencies for group*hemisphere*ROI interactions for each time window.
Group included two levels (HC, FASD), hemisphere included two levels (left, right), and
ROI consisted of two levels (ACC, BA44). We assessed group differences in amplitude for
group*hemisphere*time-window interactions for each ROI (ACC, BA44), individually. In
the amplitude analyses, group included two levels (HC, FASD), hemisphere included two
levels (left, right), and time-window consisted of three levels (100-200ms, 200-350ms, and
350-550ms).
Group differences in FA were assessed as whole-brain analysis via 2-way ANOVA
(Group*Voxel).
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Then, covariance of the MEG and DTI was assessed via jICA. The jICA components
were compared with a t-test using the Fusion ICA Toolbox to determine group differences
(FASD vs HC) in the independent component (IC) loading factors. One IC loading factor is
obtained for each participant for each component within a jICA analysis. A higher IC loading
factor signifies increased contribution to that component to the total variance accounted for
in the jICA model. Partial correlations controlling for SES were used to assess relationships
between IC loading factors and the SART task performance, neuropsychological evaluations,
and parent/guardian assessments. ANCOVAs, 3-Way ANCOVAs, t-tests, and correlations
were performed using IBM SPSS 21 and custom scripts in MATLAB_2017b.
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Chapter 3: Results
Demographics
Inclusion criteria required I.Q. ≥ 70 as determined by the WASI – 2 subscale I.Q.
measure. Three of 25 FASD participants scored lower than 70. However, two of these
subjects scored above threshold on the WASI Matrix Reasoning subscale, suggesting the
deficit was driven by the lower than normal scores on the WASI Vocabulary subscale. It is
well documented that assessments of this type are culturally biased to the benefit of Englishonly speaking subjects (Garratt & Kelly, 2008). The U.S. Census Bureau found in 2011 that
the national average for dual-language homes is 20.8% (Ryan, 2013). Considering New
Mexico ranks 2nd in the nation (36.5%) in number of dual-language households (Ryan, 2013),
it is fair to suspect our sample had similar distributions. Given the number of dual-language
household participants in our community, lower scores on the WASI Vocabulary are
expected (Garratt & Kelly, 2008). Therefore, we removed one FASD participant from
analyses, as their I.Q. determined from the WASI – 2 subscale measures was below threshold
(I.Q = 56), resulting in FASD n = 24.
Chi-square analysis revealed groups were well matched on sex: HC (Female
n=13/18), FASD (Female n = 16/24), χ2(1) = 0.15, p = 0.70. T-test revealed no significant
differences in age between groups: HC (M = 9.67, SD = 1.37), FASD (M = 10.00, SD =
1.69), t(40) = .68, p = 0.50. However, we found significant group differences on the Barratt
Social Status scale (BSSS): HC (M = 48.44, SD = 9.15), FASD (M = 29.44, SD = 13.37),
t(37) = 5.90, p < 0.001. Considering the relationship SES has with multiple measures
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(Perkins, 2016; Sirin, 2005), we performed analyses with and without SES as a covariate.
Three FASD subjects failed to submit the BSSS measure.
Neuropsychological Evaluations
We utilized ANCOVAs to control for the effect SES has on these group comparisons
by including BSSS as the covariate. The BSSS failed to have a significant contribution to
these models. Therefore, all neuropsychological evaluation analyses reported are independent
samples t-tests.
Wechsler Abbreviated Scale of Intelligence
The WASI I.Q. measure is derived from the Vocabulary and Matrix Reasoning
subscales. Both WASI subscales, Vocabulary and Matrix Reasoning, and the composite I.Q.
scores were found to be significantly different between groups (Figure 2). On the WASI
Vocabulary subscale, HC (M = 61.67, SD = 13.69) performed significantly better than FASD
(M = 36.30, SD = 13.96), t(39) = 5.82, p < 0.001. Healthy Controls (M = 48.94, SD = 6.50)
also scored better on the WASI Matrix Reasoning subscale compared to FASD (M = 40.50,
SD = 8.06), t(39) = 3.59, p = 0.001. Healthy Controls (M = 110.72, SD = 13.59) measured
significantly higher I.Q. scores than the FASD group (M = 79.22, SD = 10.33), t(39), 8.44, p
<0.001.
Grooved Pegboard
Grooved Pegboard (GPB), measuring manual dexterity and eye-motor coordination,
revealed significant group differences between groups (Figure 3). Mean scores reported are
z-score, age normed. There were significant group differences between both the dominant
hand (t(38) = -4.00, p <0.001) and non-dominant hand (t(38) = -3.32, p = 0.002), with HC

35

dominant hand (M = -0.25, SD = 0.62), FASD dominant hand (M = 1.62, SD = 1.90), HC
non-dominant hand (M = -0.10, SD = 0.62), FASD non-dominant hand (M = 1.51, SD =
1.97).
Progressive Planning Test
The PPT revealed no significant group differences in any of the three subscales
assessed: Average latency on first attempts only (HC: M = 6.76, SD = 5.76; FASD: M =
8.14, SD = 8.10; t(37) = -0.59, p = 0.56); average total time correct trials only (HC: M =
22.14, SD = 9.01; FASD: M = 21.24, SD = 10.18; t(37) = 0.17, p = 0.87); and total score
(HC: M = 18.78, SD = 5.16; FASD: M = 15.33, SD = 7.32; t(37) = 1.67, p = 0.10).
Delis Kaplan Executive Function System (D-KEFS): Trail Making Test
The D-KEFS Trail Making Test includes 5 subscales: 1 – Visual Scanning, 2 –
Number Sequencing, 3 – Letter Sequencing, 4 – Number/Letter Switching, 5 – Motor Speed.
As is expected with this evaluation, only subscale 4, Number/Letter Switching, showed any
significant group differences in performance with HC (M = 8.5, SD = 3.97) performing
significantly better than FASD (M = 3.95, SD = 3.63), t(36) = 3.69, p = 0.001 (Figure 4).
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Figure 2. WASI group differences ** significant at p ≤ 0.001

Figure 3. GPB group differences ** significant at p ≤ 0.001. * significant at p ≤ 0.05.
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Figure 4 – DKEFS Trail Making group differences **significant at p ≤ 0.001
Parent/Guardian Questionnaires
We utilized ANCOVAs to evaluate the effect SES has on these group comparisons by
including BSSS as the covariate in these models. The BSSS measure was found to have no
significant contributions to the analyses except for in one subscale, the Conners – 3 Parent,
Conduct Disorder. Therefore, all other parent questionnaire analyses reported are
independent samples t-tests. We utilized FDR LSU procedure as a correction for multiple
comparisons.
Behavioral Rating Inventory of Executive Function (BRIEF)
The BRIEF is a parent/guardian/teacher evaluation of child executive functioning.
Negativity and Inconsistency measures were considered when including data, and no
participants were excluded due to excessive negativity or inconsistency. The BRIEF consists
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of 3 subscales: Global Executive Composite score (GEC), Behavioral Regulation (BR), and
Metacognition (MC). Lower scores represent higher executive functioning. Healthy Controls
(M = 49.78, SD = 8.15) were rated as having higher executive functioning than FASD (M =
66.43, SD = 11.74), t(39) = -5.13, p = 0.017. Further, parents/guardians perceive HC (M =
49.56, SD = 9.13) to have greater behavioral regulation than FASD (M = 66.5, SD = 14.99),
t(39) = -4.20, p = 0.03. Metacognition ratings were higher for HC (M = 50.00, SD = 7.89)
than for FASD (M = 65.95, SD = 11.12), t(39) = -5.12, p = 0.019. These findings (Figure 5)
indicate that parents/guardians of HC rate their children as having greater executive
functioning, behavioral regulation, and metacognition abilities compared to parents/guardians
of FASD.

Figure 5. BRIEF group differences * significant at p ≤ .05
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Sluggish Cognitive Tempo Scale
Sluggish Cognitive Tempo is a measurement of behaviors including inattention,
underactivity, motivation, and drowsiness. Parents/guardians rated HC (M = 8.56, SD = 4.51)
lower on sluggish cognitive tempo than FASD (M = 16.27, SD = 7.35), t(38) = -3.89, p =
0.03.
Conners 3 – Parent Scale
The Conners 3 – Parent Scale (C3P) is an instrument used to assess the parent’s
perceptions on their child’s behavior. This scale is used to assess Attention Deficit/
Hyperactivity Disorder (ADHD), and its most common comorbid behaviors. Higher scores
on this assessment represent poorer behavioral functioning. After FDR LSU correction for
multiple comparisons, all subscales revealed significant group differences between HC and
FASD, with FASD being rated by their parents as having more ADHD type behaviors (Table
1). The largest differences between groups existed in subscales measuring Inattention,
Learning Problems, and overall ADHD Index scores.
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Table 1. Conners 3 Parent
Measure

HC
M (SD)

FASD
M (SD)

t-statistics

p-value

52.56 (7.66)

74.23 (11.42)

t(38) = -6.88

p = 0.003

54.11 (10.28)

70.59 (16.11)

t(38) = -3.76

p = 0.039

49.44 (6.77)

75.27 (13.47)

t(38) = -7.40

p = 0.006

53.44 (8.69)

71.50 (12.30)

t(38) = -5.24

p = 0.011

52.28 (10.19)

69.59 (19.40)

t(38) = -3.42

p = 0.042

47.83 (7.70)

68.41 (17.34)

t(38) = -4.66

p = 0.022

72.63 (14.27)

t(35) = -5.34

p = 0.014

70.00 (16.37)

t(35) = -3.65

p = 0.036

67.68 (20.63)

t(35) = -2.87

p = 0.044

64.44 (18.96)

t(34) = -2.29

p = 0.050

72.00 (34.04)

t(34) = -5.98

p = 0.008

71.84 (15.67)

t(35) = -4.45

p = 0.025

63.61 (17.34)

t(34) = -2.83

p = 0.047

72.44 (17.08)

t(34) = -4.41

p = 0.028

Inattention
Hyperactivity/Impulsive
Learning Problems
Executive Function
Defiance/Aggression
Peer Relations
ADHD Inattentive
52.28 (7.80)
ADHD Hyperactive/Impulsive
53.83 (9.52)
Conduct Disorder
51.67 (11.97)
Defiant Disorder
52.83 (10.62)
ADHD Index
18.83 (16.32)
GI Restless Impulsive
53.28 (8.41)
GI Emotional Lability
51.33 (9.67)
GI Total
52.61 (8.47)

Sustained Attention to Response Task (SART) Behavioral Performance
We administered two versions of the SART, a fixed order (SART_F) and a random
order (SART_R). To assess behavioral performance we evaluated reaction time, hit rate,
false-alarm rate, and signal detection via d-prime (d’), separately for fixed and random

41

orders. Due to the inherent nature of SART_F, digit 9 signals a reset in participants giving it
a different nature than other ‘go’ digits. Digits 1 and 2 signal a preparatory period for the
upcoming ‘no-go’ digit 3 (Dockree et al., 2005). To establish a comparable variable to the
SART_R ‘go’ variable, random all go (RAG_HR), we combined digits 4 – 8 ‘go’ into one
variable labeled Fix_4to8_go for both reaction time (Fix_4to8_cRT) and hit rate
(fix_4to8_HR). After FDR LSU for multiple comparisons, there were no group differences in
behavioral performance during the SART_F (Table 2).
The random nature of SART_R allows for a combination of variables during analysis.
Due to this, we combined reaction times into one variable, Random-All-Go correct trials
reaction time (RAG_cRT) and hit rate scores into one variable, Random-All-Go hit rate
(RAG_HR). After FDR LSU correction for multiple comparisons, one variable revealed
significant group differences (Table 3). HC (M = 0.89, SD = 0.08) had significantly higher
RAG_HR, t(39) = 3.14, p = 0.003, than FASD (M = 0.76, SD = 0.16). No other variables
survived FDR LSU.
Table 2. SART_F Behavioral Performance
Measure

HC M(SD)

FASD M(SD)

t-statistic

p-value

Fix_4to8_cRT

230.37(109.73)

256.24(97.45)

t(39)= -0.80

p = 0.43

Fix_3_false_alarm_RT

252.10(120.71)

265.99(95.39)

t(39)= -0.41

p = 0.68

Fix_4to8_go_HR

0.88(.09)

0.80(.13)

t(39)=1.45

p = 0.15

Fix_3_false_alarm_rate

0.27(0.15)

0.33(0.16)

t(39)= -1.34

p = 0.19

Fix_d’

1.98(1.11)

1.37(0.89)

t(39)= 1.96

p = 0.06
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Table 3. SART_R Behavioral Performance
Measure

HC M(SD)

FASD M(SD)

t-statistic

p-value

RAG_cRT

231.00(68.04)

261.29(57.43)

t(39) = -1.55

p=0.13

Random_3_false_alarm_RT

187.94(75.70)

214.14(67.71)

t(39) = -1.17

p=0.25

RAG_HR

0.89(0.08)

0.76(0.16)

t(39) = 3.14

p=0.003

Random_3_false_alarm_rate

0.72 (0.14)

0.68(0.12)

t(39) = 0.99

p=0.33

Random_d’

0.71 (0.72)

0.31 (0.63)

t(39) = 1.87

p=0.07

Magnetoencephalography (MEG)
In order to assess group differences in task-based brain activity, we performed a
series of 3-way ANCOVAs with BSSS as covariate on SART_F and SART_R versions of
the task. As the peak-latency measures are inherently different between time windows (i.e.
100-200, 200-350, 350-550ms), we assessed group differences in latencies by
group*hemisphere*ROI for each time window. Group included two levels (HC, FASD),
hemisphere included two levels (left, right), and ROI consisted of two levels (ACC, BA44).
FDR LSU corrections for multiple comparisons did not reveal any significant group
differences in peak-latency in SART_F or SART_R versions of the task.
A 3-way analysis of covariance was conducted on the influence of three independent
variables (group, hemisphere, time window) with BSSS as covariate on the peak-amplitude
from SART_F and SART_R for each ROI (ACC, BA44). Group included two levels (HC,
FASD), hemisphere included two levels (left, right), and time window consisted of three
levels (100-200ms, 200-350ms, 350-550ms). After FDR LSU corrections for multiple
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comparisons, peak-amplitude in BA44 during SART_R All-Go trials showed a significant 3way interaction, F(1,39) = 6.20, p = 0.017 (Figures 6 and 7). No other 3-way interactions
survived FDR LSU. Of this 3-way interaction, simple interaction tests revealed significant 2way interactions between group and hemisphere at time window 100-200ms F(1,39) = 5.13,
p = 0.029 and at time window 200-350ms F(1,39) = 6.40, p = 0.016, but not at time window
350-550ms F(1,39) = 3.90, p = 0.06. In time window 100-200ms, simple main effects
analysis revealed heightened amplitude in HC (M=4.07, SD=2.00) compared to FASD
(M=2.59, SD=0.93) in the left hemisphere F(1,39) = 5.65, p = 0.02, but not in the right
hemisphere F(1,39) = 3.61, p = 0.07. In time window 200-350ms, simple main effects
analysis revealed heightened amplitude in HC (M=5.25, SD=2.09) compared to FASD
(M=3.30, SD=1.27) in the left hemisphere F(1,39) = 7.96, p = 0.007, and increased amplitude
in HC (M=5.41, SD=2.21) compared to FASD (M=3.78, SD=1.74) in the right hemisphere
F(1,39) = 4.12, p = 0.05 (Figure 8).
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Figure 6: MEG timecourse

Figure 7: 3-way interaction
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Figure 8: Simple Main Effects
Fractional Anisotropy (FA)
Group differences in FA were assessed as whole-brain analysis via 2-way ANOVA
(Group*Voxel). After FDR-LSU corrections for multiple comparisons, no significant group
differences were found in FA.
Joint Independent Component Analysis (jICA)
Joint ICA was used to assess how structure (FA) and function during both SART
tasks (MEG) co-vary. Whole-brain FA and complete time course/whole-brain MEG data
were used in the analysis. The Fusion ICA Toolbox (Calhoun et al., 2006) estimates the
number of components for each modality individually (FA: n=5 components, MEG: n=40
components) and combined (FA/MEG: n=4 components). As suggested by the Fusion
Toolbox, assessing these data in 4 components created the most valid divisions of the data.
After FDR-LSU corrections for multiple comparisons, only one component (IC #4) revealed
significant group differences t(41)=2.67, p = 0.01, with HC having higher covariation
between modalities (M = 0.47, SD = 0.05) than FASD (M = 0.42, SD = 0.06). Specifically,
FA (Figure 9) values in the corpus callosum (CC) and both the anterior thalamic radiation
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(ATR) and superior thalamic radiation (STR) covaried with MEG activity during SART_R
all ‘Go’ trials (Figure 10) in right frontal and anterior temporal areas (BA44, middle and
anterior temporal lobe, medial orbitofrontal cortex, BA6, and frontal pole) with primary peak
amplitudes falling into two primary time windows: 350-550ms and to a lesser extent 200350ms. No other MEG activity significantly contributed to the jICA results.

Figure 9: jICA-weighted FA
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Figure 10: jICA- weighted ERFs
jICA, Behavior, Neuropsychological Evaluations, Parent/ Guardian Questionnaires
To assess how this structure-function relationship, as highlighted by jICA, is associated with
neuropsychological performance, parents’/guardians’ perceptions of their children’s
behavior, and the child’s performance on the task itself, partial correlations with BSSS as
covariate were analyzed between the subjects’ loading factors (LFs) and only the behavioral
assessments that revealed significant group differences, previously discussed. As a reminder,
a subjects’ loading factor is simply an index of the strength of relationship between
modalities (FA and MEG), or a correlation coefficient. It is important to note that these
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modalities co-vary, but they are independent in this relationship and thus do not co-vary with
other FA or MEG features.
After FDR-LSU corrections for multiple
comparisons, two comparisons showed
significant associations between IC#4 LF
and behavior (Figure 11). There was a
significant relationship between IC#4 LF
and performance on D-Kefs NumberLetter Switching subtest #4, r=0.38,
p=0.019, in that the stronger the
structure/function relationship, the
better the performance on this task.
However, when assessing the
correlations by group, neither HC
(r=0.44, p=0.09) or FASD (r=0.39,

Figure 11: IC#4 LF x Behavior

p=0.10) reached
significance, and utilizing Fisher r-to-z
transformation revealed the groups were not significantly different in this relationship,
z=0.18, p=0.86. Likewise, IC#4 LF significantly correlated with performance on GPB with
their dominant hand, r=-0.39, p=0.016, meaning the stronger the structure/function
association, the less time required to complete the task. However, when assessing this
relationship by group, HC showed a significant correlation between loading factors and
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performance on GPB_Dom r=-0.64, p=0.008, while FASD did not r=-0.35, p=0.12, but when
implementing Fisher r-to-z transformation, the groups were not significantly different,
z=-1.05, p=0.29.
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Chapter 4: Discussion
This multimodal study distinguished children with FASD from HC by their cognitive
functioning and behavior, brain activity, and cerebral structure-function relationship. Further
investigation revealed this structure-function relationship was associated with flexibility of
thinking and visual motor coordination. Importantly, MEG successfully differentiated our
groups, while FA did not. However, when combining these two modalities into one factor,
the degree of covariation between structure and function revealed a decreased relationship
between frontal and temporal MEG peak amplitude during SART_R all ‘Go’ trials and FA in
the corpus callosum and anterior/superior thalamic radiations in children with FASD
compared to HC. This multivariate technique, jICA, revealed structural characteristics (FA)
potentially produced by prenatal alcohol exposure, which alternatively would have remained
concealed. Collectively, these findings highlight multiple deficiencies in executive
functioning, decreased brain activity, and a decreased structure/function relationship in
children with FASD.
Neuropsychological Evaluations
Compared to HCs, children with FASD showed decreased cognitive functioning,
executive control, and visual spatial manipulation abilities. As measured by the WASI-II,
children prenatally exposed to alcohol exhibited reduced visual reasoning abilities, reduced
verbal abilities, and an overall reduction in intellectual abilities. This diminished
functionality was mirrored by decreased performance on the D-KEFS Trail Making NumberLetter Switching Test. While FASD and HC did not differ in baseline conditions assessing
visual scanning, number sequencing, letter sequencing, and motor speed, FASD showed
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deficits in response inhibition and working memory as assessed by the more cognitively
challenging subtest. This is important as it shows there is not significant group difference in
baseline abilities (visual scanning, number sequencing, motor speed) required to perform the
SART task. While there were no differences in visual scanning and motor speed abilities as
assessed by DKEFS, GPB revealed bilateral deficiencies in visual spatial manipulation and
fine motor speed and dexterity abilities in children with FASD. Given the similarities in
performance on baseline abilities as assessed by DKEFS and the differences in performance
of more cognitively challenging tasks indicated by DKEFS number-letter switching and
GPB, children with FASD have difficulties in more complex tasks that require increased
executive functioning in order to successfully perform the task.
Parent/ Guardian Questionnaires
These objective assessments of cognitive functioning were further supported by three
subjective assessments from the children’s parents/guardians. As indicated by the BRIEF,
children with FASD are perceived as having decreased behavioral regulation (BRI)
comprised from scores assessing inhibition, flexibility in thought and behavior, and
emotional control. Caretakers also rate FASD as having decreased metacognition (MI)
abilities, as measured by scores of initiation (ability to start a project and work/think/question
independently), working memory, planning and organization, organization of materials, and
self-monitoring. Combining these two subscales, BRI and MI, revealed parent/guardianobserved executive dysfunction in children with FASD. Parents/guardians also rated, via
Sluggish Cognitive Tempo Scale, children with FASD as having increased lack of motivation
and slower information processing abilities, which both likely contribute to performance on
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NP evaluations and scores on other parent/guardian assessments. As measured by Conners-3
Parent scale, guardians also evaluated children with FASD as having more hyperactivity,
inattentiveness, learning problems, and difficulties in social interactions. These subjective
guardian ratings of executive functioning, motivation, and behavior corresponded to our
subject’s performance on objective evaluations of cognitive abilities and executive
functioning, and likely contribute to the well-documented academic difficulties experienced
by people with FASD (Glass et al., 2017, Streissguth et al., 1990).
SART Behavior
Given the differences in performance on well-established, reliable, and validated
neuropsychological assessments and parent/guardian evaluations, we expected to find
differences in performance in the SART tasks. Interestingly, in the easier SART_F version of
the task, we found no significant behavioral differences in performance. However, when
analyzing the more cognitively challenging SART_R, we found children with FASD had a
decreased ability to accurately ‘Go’ on all numbers. This is perhaps explained by the
increased difficulty in the random task, decreased abilities in executive functioning elements
that are required to succeed, or a combination of these and other factors.
Magnetoencephalography
With significant differences found in behavioral performance on SART_R, next we
examined the neurophysiological underpinnings of decreased functionality using MEG.
Analysis of both SART versions via 3-way ANCOVAs of peak-amplitude
(Group*Hemisphere*Time Window with BSSS as covariate) and peak-latency
(Group*Hemisphere*ROI with BSSS as covariate) revealed one significant 3-way interaction
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in peak-amplitude during SART_R all ‘Go’ trials (RAG) in BA44, but not in any other
regions, conditions, or variables. Specifically, compared to HC, FASD had decreased
amplitude in the left, but not right BA44 during time window 100-200ms, bilaterally in BA44
during time window 200-350ms, and not significantly during time window 350-550ms
during all ‘Go’ trials of SART_R. Similar group differences between FASD and HC were
found in inferior frontal activations reported by Kodali et al., 2017, utilizing SART_R.
Brodmann Area 44 is classically known to be involved in speech production and processing
different language components (Bookheimer, 2003; Broca, 1861; Geschwind, 1967), space
perception, action understanding and imitation, hand movements (Rizzolatti et al., 2002), and
in music perception (Brown et al., 2006). More recent research has implicated BA44 as
integral in response inhibition in a Go/No-go task (Forstman et al., 2008). Specifically,
Koechlin and Jubault (2006) found bilateral activation of Broca’s area (including BA44)
during a Go/No-go task signaling a system of executive processes that control action
selection. Multiple studies have implicated the right inferior frontal cortex (IFC), which
includes BA44, as being key in not only stopping a predominant motor response, but also in
pausing and breaking responses (Aron et al., 2014; Forstmann et al., 2008; Levy et al., 2011).
Thus, this increased activation of the right IFC (also known as VLPFC) is thought to reflect
not only engagement of motor inhibition, but also attentional orienting processes, updating of
action plans, detection of infrequent stimuli (Levy et al., 2011), increased working memory
load, attentional monitoring for the stop signal, release of a brake, or application of a brake
(Aron et al., 2014). In conjunction with these aforementioned studies, our results in the LH
BA44 amplitude between 100-200ms perhaps indicate children with FASD have decreased
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visual attention abilities that initiates and maintains the selective sensory bias in working
memory that in turn reflect sensory information used for perceptual judgments (Hillyard and
Anllo-Vento, 1998).
This ERP component timing has been found with little or no change in latencies or
scalp distributions, lending credence to our findings in BA44 (Hillyard et al., 1995; Mangun
et al., 1998; Mangum and Hillyard (1991). Dockree et al. (2005) identified ERP components
during SART_F, and identified two that translate to our interpretation of our significant
results. They highlighted selection negativity (SN) between 120-160ms that aligns with our
timing of 100-200ms and cue recognition (CR) occurring ~300 ms that explains our findings
between 200-350ms. This SN activity indicates a repetitive deployment of selective
attentional reserves during critical processing periods (Dockree et al., 2005). Unlike with
SART_F in which critical processing periods are limited to trials 2, 3, and 9 (Dockree et al.,
2005) the critical processing periods on the SART_R are present on every trial, as every
stimulus has a chance to be the target numeral 3. This suggests children with FASD in our
study have decreased selective attention capacity, highlighted by the increased difficulty in
SART_R. Likewise, children with FASD exhibited decreased amplitude during cue
recognition, discrimination, and implementation of subsequent goal-directed processes to
integrate the association between stimuli and goal. These dysfunctions in early sensory
processing and later cue recognition likely contribute to behavioral differences in execution
of the ‘Go’ response during SART_R. This also sheds light on the idiosyncrasies of
neurophysiological activity in the SART_R, implicating bilateral activation in BA44 in
action selection and breaking.
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jICA of MEG and FA
Although analyzing group differences in whole-brain FA revealed no significant
findings, assessing how function and structure (MEG and FA, respectively) co-vary via jICA
analysis revealed significant group differences in how these measures are related to each
other. Specifically, FASD had significantly decreased covariation between right lateralized
MEG in frontal, temporal, and pre-SMA regions during time windows 200-350ms and 350550ms, and FA in CC, ATR, and STR. All regions of MEG activity implicated in this
analysis are previously documented as being involved in multiple Go/No-go paradigms
(Aron et al., 2014; Curley et al., 2018 ; Dockree et al., 2005; Forstmann et al., 2008; Kodali
et al., 2017; Levy and Wagner, 2011; Mazonne, 2014; Rae et al., 2013; Rizzolatti et al.,
2002; Zordan et al., 2007), and are thought to be involved in action selection, inhibition, and
breaking of predominant motor responses. However, that this MEG covaries with WM tracts
in CC, ATR, and STR suggest structural abnormalities in pathways conveying sensory
information.
Previous studies assessing morphology and WM of the CC, the major white matter
tract connecting the two cerebral hemispheres, have highlighted its role in executive
functioning, attention, working memory, processing speed, motor speed, verbal fluency,
memory, and response control (Fling et al., 2011; McNally et al., 2010; Redmond et al.,
2018). The ATR is found in the anterior limb of the internal capsule, and projects from the
thalamus, carrying reciprocal connections from the hypothalamus and limbic structures to the
frontal cortex (Haines, 2012; Mori et al., 2005). The STR is found in the posterior limb of the
internal capsule and connects the ventral posterior nuclei of the thalamus to the
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somatosensory area in the post central gyrus of the parietal cortex and to adjacent portions of
the frontal lobes (Cheon et al., 2011; Haines, 2012; Younes et al., 2018). Both the ATR and
STR communicate sensory and motor information in an integrative nature (Haines, 2012). It
has been shown that diffusivity characteristics in these structures differentiate multiple
clinical populations from HC including 8-14 year old boys with Autism Spectrum Disorder
(Cheon et al., 2011), adults with Schizophrenia (Mamah et al., 2010), elderly populations
with Alzheimer’s disease and Major Depressive Disorder (Niida et al., 2013), elderly with
Idiopathic Normal Pressure Hydrocephalus (Younes et al., 2018), and adults with Bipolar
Disorder (Niida et al., 2018). Additionally, multiple studies have found these aberrant
diffusion characteristics in the ATR and STR as being related to decreased functionality in
many domains including executive functioning (Mamah et al., 2010; Mamiya, Richards, &
Kuhl, 2018), working memory (Mamah et al., 2010), social responsiveness (Cheon et al.,
2011), and motor speed/RT (Mamiya, Richards, & Kuhl, 2018). These results highlight that
children with FASD express a dysfunctional relationship between functionality in areas
known to be involved in response selection, inhibition, and breaking and structure assessed
via WM integrity in fiber structures that convey and integrate sensory and motor information.
jICA and Associated Behaviors
Interestingly, it was found that this relationship between function and structure
(IC#4_LF) is correlated with behavior. Specifically, it was found that regardless of group,
this function/structure relationship was significantly associated with performance on the DKEFS number/letter switching task, but not on the simpler subtests in the D-KEFS. However,
when assessing by group, neither group alone exhibited a significant relationship between
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these measures and were not significantly different from each other. This signifies that, in
general, increased covariation between MEG during SART_R all ‘Go’ trials and FA in the
CC, ART, and SRT is associated with better performance on the cognitively challenging
subtests on the D-KEFS. Additionally, heightened IC#4_LF values were found to be
associated with quicker performance on the dominant hand GPB, regardless of group.
However, when assessing by group, this relationship was only found in HCs, although the
groups did not significantly differ. These associations between the function/structure
relationship and neuropsychological performance highlight the importance of the interplay
between these regions and structures in the functionality of children with FASD.
Limitations
Some limitations to this study include non-matched sample sizes with smaller n in the
HC compared to FASD. Additionally, by limiting our analysis to BA44 and ACC in the
MEG, we have potentially missed important group differences in other regions of the brain.
However, by including whole-brain MEG and FA in our jICA analysis, the relationships
discovered help support our decision to include the regions selected.
Conclusions
In conclusion of our study of children with FASD, decreased functionality was found
as assessed by their parent/guardian, NP evaluations, task-dependent performance in
SART_R, and MEG activity during SART_R. The lack of significant group differences in
SART_F performance and MEG indicate that the more challenging aspect of SART_R is
better equipped to differentiate between these groups. Although no group differences were
found in FA alone, when assessing FA in conjunction with MEG, deficiencies were found in
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the relationship between MEG activity during SART_R and FA in our FASD group. Lastly,
it was found that this structure/function relationship was associated with performance on
motor speed and in flexibility of thinking, in that the higher the covariation between
modalities, the better the performance. These findings highlight multi-domain deficiencies in
functionality in children prenatally exposed to alcohol when compared to non-exposed
children.
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